Abstract-Next generation wireless networks will support a diverse set of access technologies. And the demanding breed of multimedia applications will even more considerably require Quality of Service (QoS) support. This paper proposes an optimal prority-based Call Admission Control (CAC) scheme in heterogeneous wireless networks, i.e., the generalized semi-Markov Decision Process based CAC (GCAC). Considering the limitations of the traditional Markov decision process for optimal CAC policy, we characterize the CAC problem through a GSMDP formulation that characterizes the network behaviors in the heterogeneous system more exactly. And the proposed scheme can guarantee the QoS constrains both in the physical and network layer. Numerical examples illustrate that the performance in the GCAC scheme is significantly better than that in the conventioinal GC scheme and an optimal CAC schme based on MDP.
I. INTRODUCTION
Next generation wireless networks are promising to provide not only conventional voice services but also the efficiency and flexibility of multiplexing a wide variety of traffic from data to multimedia applications. And there are currently a large variety of wireless access networks, including wireless area networks (WLANs), 3G/beyond 3G (B3G) cellular networks, etc. Supporting multimedia services with different quality-of-service (QoS) requirements over such highly heterogeneous environments is a very challenging task, and efficient utilization of these available wireless resources by using efficient call admission control (CAC) policies has been one of the main concerns in mobile system design.
CAC for wired and wireless networks has been extensively studied in the past and many CAC schemes have been proposed [1] - [3] . The guard channel (GC) based scheme proposed in the literature (e.g., [1] ) is one of the most popular priority-based (threshold-based) CAC schemes in providing preferential treatment. A set of guard channels are reserved for prioritized calls in GC schemes such as cutoff priority [1] [4] [5] , fractional guard channel [6] , and new call bounding [7] schemes.
However, conventional GC-based CAC schemes do not suggest any optimal threshold to be used in a given traffic condition. To achieve better QoS, many schemes [8] - [12] apply the Markov decision process (MDP) and Semi-Markov Decision Process (SMDP) to derive an optimal CAC policy, for their classical mathematical formulation and solvability.
However, these methods are limited by some rather restrictive assumption that the corresponding discreteevent systems (DES) poss memoryless (i.e. Markov) property. Thus the optimal CAC schemes [8] - [12] use the following general assumptions: 1) Call arrivals for all the service classes are assumed to follow the Poisson process; 2) the cell dwelling time for the call is assumed to follow an exponential distribution. Only by the assumptions their CAC problems were characterized as MDP Models. Recent field studies [13] is shown that, except for the case of exponentially distributed cell residence times, the call holding time is not exponentially distributed, and the arrival of new/handoff traffic to a cell is not Poisson distributed yet. That is to say, Markov property is not maintained anymore. Using general traffic arriving pattern and general service time distributions may enable us to better model the real world of system behaviors [13] .
In this paper, we propose an optimal priority-based CAC scheme for heterogeneous networks called the GSMDP-based CAC (GCAC), for Markov models do not adapt to characterize the current network behaviors [13] . The primary contribution is that we relax the Markov assumptions, and characterize the CAC problems through a generalized semi-Markov Decision Process (GSMDP, a model based on Generalized semi-Markov Process (GSMP)) formulation. GCAC allows the CAC operations to be performed in a general framework, even with various traffic and different access network. Besides, the GCAC system model takes into account several crosslayer QoS constrains in all the different access network, including the physical layer signal-to-interference (SIR) and the network layer blocking probabilities of calls. Thereby, the GCAC scheme maximums overall network revenue while satisfying the QoS constrains in the heterogeneous network. And the performance is evaluated via simulation, and the results are compared with conventioinal GC scheme and an optimal CAC schme based on SMDP (Semi-Markov decision process).
The rest of the paper is organized as follows. Section II describes the system model, the call admission procedures, and the important QoS metrics in the heterogeneous system. Then, GSMDP model for stochastic DDES is explained in Section III. Section IV formulates the optimal CAC problem in the next generation heterogeneous network as a GSMDP while satisfying QoS requirements. Subsequently, the numerical results are described in Section V. Finally, some concluding remarks are presented in Section VI.
II. SYSTEM MODEL

A. Description of Heterogeneous Network Model
In this paper, we consider a heterogeneous network architecture, which is comprising a core network and multiple heterogeneous access networks. Without loss of generality, we show two different access networks -3G/beyond 3G (B3G) cellular networks and WLANs. Recent studies show that WLANs and 3G wide area networks, such as code division multiple access (CDMA) cellular networks, will coexist to offer Internet services to users [14] [15] . WLANs offer relatively high data rates. However, WLANs can only cover smaller areas (hotspots), such as hotels and airports. On the contrary, CDMA cellular networks support low data rates, but offer a much wider area of coverage that enables ubiquitous connectivity. The complementary characteristics of WLANs and CDMA cellular networks make it attractive to integrate these two wireless access technologies.
For WLAN/CDMA heterogeneous access network, the paper consider three types of calls for a certain class (e.g. voide or data or video) -horizontal handoffs, vertical handoffs, and new calls. When a Mobile System (MS) are moving between homogeneous systems (e.g., from a 3G cellular cell to another 3G cellular cell), horizontal handoff calls occur. On the other hand, if the MSs are moving across different systems (e.g., from a 3G cellular cell to a WLAN system), vertical handoff calls occur. Handoff calls are commonly given a higher priority so as to provide a seamless connection. In general, for the same class call, we assign the priority order as horizontal handoff call > vertical handoff call > new call.
B. The CAC Problem in Heterogeneous Wireless
Network Here, the CAC policy resides in each BS of the cells or the access router in the radio access networks. The CAC process determines whether an incoming call can be admitted or not, and how to allocate the limited bandwidth resources.
To better model the real world of system behaviors, we use general traffic arriving pattern and general service time distributions [13] . We denote request is more undesirable than blocking a new call attempt. The proposed service model can be easily extended to K priority classes with the homologous priority orders in the maximum allowed blocking probability and in the blocking cost rate. Similarly, due to users mobility and the irregular geographical cell shapes, the cell residence times will also typically have a general distribution s k G and therefore do not hold Markov property at all. So, Markov and semi-Markov models do not have sufficient modeling power to capture many of the complex discrete-event stochastic systems, especially the next generation heterogeneous wireless network. And we drop the classical assumption made in the past, so the GCAC problem can be formulated as a generalized semi-Markov process (GSMP) [16] .
Besides, an optimal CAC should maximize the average network revenue and guaratee QoS constrains in both WLANs and CDMA networks. Since the charging method in WLANs is usually different from that in CDMA networks, we should consider the different revenue rates in the design of a CAC. For the QoS constraints in WLANs, throughput and packet delay are important metrics [11] , [23] . Throughput should be kept above a target value and packet delay should be kept below a target value for a certain class of traffic. In CDMA networks, QoS requirements are usually characterized by SIR. However, guaranteeing SIRs of all classes of traffic at all time instants may result in low network utilization for bursty traffic. Therefore, besides the SIR, we use another QoS metric, namely, the SIR outage probability [11] . Instead of guaranteeing the SIR at all the time, we can guarantee the SIR outage probability below some target value. In addition, at the network layer of the integrated WLAN/CDMA systems, QoS metrics are blocking probabilities of new and handoff calls in both networks, which should also be guaranteed.
C. QoS Metrics in Heterogeneous Network
The QoS metrics in WLANs and CDMA cellular netowrks will be used in the design of the GCAC scheme. So in the subsection we introdude the QoS metrics separately.
1) QoS Metrics in WLANs
Firstly, we describe important QoS metrics, throughput and packet delay, for multimedia traffic in WLANs. To support QoS in WLAN, a new medium access control (MAC) protocol, IEEE 802.11e, is proposed [22] . The IEEE 802.11e MAC employs a channel access function called the hybrid coordination function (HCF), which includes a contention-based HCF part and a contention-free part. The contention-based HCF part is also called the enhanced distributed coordination function (EDCF). EDCF provides differentiated access to the wireless medium for up to eight priorities. An access ategory (AC) mechanism is defined to support thepriorities. There are four access categories (ACs) in the IEEE 802.11a specification [27] . 
The bandwidth for class k traffic is [23] 
where k k is the probability that a class k packet is successfully transmitted during a transmission cycle, k U is the number of class k packets that can be transmitted within k TXOP , and k L is the packet length. So
denote the number of bits successfully transmitted for class k during a transmission cycle. And during a transmission cycle, I T is the average time of all idle periods, C T is the average time of all collision periods, S T is the average time of the successful transmission period. Their detailed calculation can be refered to [23] .
The average packet delay of class k traffic is [23] 2 ) 1 (
And k N is the random variable representing the number of colliding periods needed in a transmission cycle. 
). And the WLAN admissible set can be obtained by satisfying the throughput constrains (1) and average packet delay (2), i.e. (2), and k TB and k TD are the target throughput and average packet delay respectively, for class k traffic.
2) QoS Metrics in CDMA Cellular Network
In CDMA cellular network, we should take into account both linear minimum-mean square error (LMMSE) receivers and varying the statistical characteristics of the packet traffic. Then, physical layer signal-to-interference (SIR) and SIR outage are the QoS constrains concerned in the paper, that are widely used in the CDMA CAC schemes [18] [24] [25] .
Although SIR is a important performance measure in CDMA network, guaranteeing the SIR of all sessions at all time instants will result in low network utilization, especially for the bursty traffic. This is similar to the philosophy in wireline networks that allocating all sessions with their peak bandwidths guarantees no packet loss, but results in the lowest network utilization and no multiplexing gain. Most admission control schemes in wireline networks allow a small packet loss probability to increase the network utilization. Similarly, since most applications in wireless networks can tolerate a small probability of SIR outage, we introduce the SIR outage probability in wireless packet CDMA networks similar to [26] . 
It is proved in [24] that a minimum received power solution exists such that all users in the system meet their target SIRs if and only if 
where k c n , is the number of class k calls in the CDMA cell, i j R is the number of signature sequences assigned to the i th calls of class k , and the basic rate (obtained using the lowest spreading gain N ) is
From (6), SIR outage probability can be expressed as 
The several vital QoS constrains in both the WLAN and the CDMA network dissussed above can be met in the design of the GCAC scheme. In the following, we introduce the GSMDP model, as which the admission control problem is formulated.
III. GENERALIZED SEMI-MARKOV DECISION PROCESS MODEL
Based on a GSMP model of discrete event systems, we add a decision dimension to the formalism by distinguishing a subset of the events as controllable and adding rewards, thereby obtaining a GSMDP [16] . Unlike an MDP/SMDP, a GSMDP remembers if an event enabled in the current state has been continuously enabled in previous states without triggering. It holds history dependence and therefore breaks the Markov property.
A. Description of a GSMP
A GSMP can be thought of as a normal mathematical model of a DES simulation. An excellent and more detailed description of this framework can be found in [16] . To specify a GSMP, we define the following elements:
S : a countable set of states; E : a finite set of events; 
Howerver, it is well known that for GSMP there are not many quantitative results available [17] besides those based on Markov properties. The difficulty significantly prevents GSMP from modeling the realistic stochastic discrete systems. Thus we transform the GSMDP to a solvable problem in terms of a General State-Space Markov Chain (GSSMC), for GSSMC satisfies the Markov property.
B. General State-Space Markov Chain
In order to maintain the Markov property, the state space S must be extended with the clock-readings of the enabled events. Thus, we obtain an extended state space 
where Afterwards, we will introduce two concepts used in the later development. One is Observation Model. Since the time that an event has been enabled is known to the system, this knowledge is sufficient to provide the system with a probability distribution over extended states. Then we set up an observation model based on GSSMC. Let
be the set of observations. An observation is 
Later we characterize GSMDP model for the propose GCAC scheme, i.e. the optimal CAC problem in a multimedia heterogeneous network. The previous schemes for the problem are not competent for dealing with the next generation heterogeneous wireless network. Formulating the problem as a GSMDP model can sovle the difficulty. Furthermore, it is convenient for discussing the evolution of a GSMDP model and proposing a feasible learning approach.
IV. GCAC FRAMEWORK
GCAC is a priority-based CAC scheme, which is designed based on the GSMDP model. The design discipline can derive the optimal CAC policy.
A. Formulating the Optimal CAC Problem as a GSMDP
In this section, the optimal CAC problem is formulated as a GSMDP. When a new, horizontal or vertical handoff call arrives, a decision must be made as to whether or not to admit. These time instants are called decision epochs and decisions are called actions in the GSMDP framework. The action chosen is based on the current state of the heterogeneous system. The state information includes the number of calls/sessions of each class of traffic in both the WLAN and the CDMA network. The QoS constrains in both networks discussed in Section II are incorportaed by truncating the state space to those state that satisfy the constrains. The optimality criterion for the GSMDP is the long-run average reward. Network layer blocking probability QoS constraints are accommodated by adding additional linear constraints to the reward function. Ultimately, our goal is to find a policy that for every system state s chooses the correct control actions so that we maximize revenue subject to the QoS constrains.
Here, we consider the CAC process is observed at time instance ,... , ,
for call arrivals or departures. In GCAC, the CAC decisions are made only at the occurrence of call-arrival events, which includes new call and handoff call arrivals. And no decisions are made at call departures.
The proposed GSMDP model includes the following five components: the state space, the events, the action space, the police and the reward function. is a finite-state stochastic process.
2) Events，Clocks：
The set of all possible event E that can occur in the sysetm is defined as }  ,  ,  2  ,  1  ,  ,  ,  ,  ,  ,  {   ,  ,  ,  ,  ,  ,  , 
4) Police: A control policy π determines which actions should be enabled at a given time in a state. An action being enabled in the state means that the system accepts the event. We allow the action choice to depend on the entire execution history of the process, which can be captured in an observation O o ∈ as described above. Thus, a policy is a mapping from observations to sets of actions: 
Where k w is the weighting factor on pricing for each type of call. Notice that when all the weighting factors are equal to 1, the objective is to maximize the system utilization. To simplify the complexity, we only expatiate the reward function in one access network, for in the WLAN or CDMA network the design of the reward function is the same. Only the subscripts of the denotations are different, e.g. In addtion, it is desirable for the network operator to characterize the penalty cost of a system. In the above paragraphs, by satisfying the physical lay QoS constrains in the system we restrict the state space in (14) . Here, we also put constrains on the network lay blocking probabilities of certain class of traffic for the network operator. For example, in the case of network congestion, the network operator may want to have a small blocking for premium classes so as to first ensure their services, and a large blocking probability for economic classes. Therefore, we formulate call blocking probability constrains in the reward function by minimizing a linear objective function of the new and handoff call-blocking probabilities, which is widely used in the literature [13] [16] . In this paper, we define a similar linear funcion of all call types,
denote the measured new call blocking and handoff dropping probability respectively during ) (s γ . By formulating the cost due to the blocking operation in the reward value function, we may control the blocking operation efficiently. For convenience, we denote the reward function, )) (
Thereupon, for a fixed policy π , the expected discounted value of an observation o over an infinitehorizon is given by
where the parameter α ( 1 0 < ≤ α ) is the discount rate, and indicates the impact or not of future actions and their associates rewards [16] . Via (21), we give attention to both network rewards and the blocking costs; thereby we can find an optimal policy to balance them best.
In this paper, the controller objective is to determine a policy
for a given observation o . Here, * π is the so-called optimal policy, and ) ( * o π is the set of actions chosen to be enabled in state s . By combining the QoS constraint with the objective of maximizing revenue, the chosen optimal policy can satisfy the interests of network managers and users both farthest.
B. Q-Learning Solution for the Optimal Policy
Although few available quantitative results for GSMP significantly prevent its applications, our GSMDP framework is defined in terms of GSSMC (it satisfies the Markov property). And the corresponding observation model also satisfies the Markov property. Moreover, a number of researchers have successfully explored many approaches to solve the optimal control problems in Markov environments, such as dynamic programming with a perfect model of the environment [18] . However, they require extremely large state space to model these problems exactly. Consequently, the numerical computation is intractable due to the curse of dimensionality. Also, a priori knowledge of state transition probabilities is required. Alternatively, many researchers turned to use the reinforcement learning (RL) [19] to approach an optimal solution online, which avoided the above disadvantages.
In this paper, we introduce a real time RL technique known as Watkin's Q-learning [17] 
V. SIMULATION RESULTS
A. Algorithm Implementaion
After the specification of the GSMDP model associated with GCAC scheme, we describe the implementation of the Q-learning algorithm for solving it.
In practice, an important issue is how to represent and store the Q-values. Currently, two different approaches [19] [20] , which are lookup table and neural network, are very popular to be used. In this paper, we only note the interesting states in which decisions need to be made are those associated with call arrivals. So we avoid the updates of Q-values at departure. It will reduce the amount of computation and storage of Q-valuses significantly so that the look-up table representation can be used.
When there is a call arrival (new, vertical or horizontal handoff call), the GCAC algorithm first determines if accepting the call will violate QoS. If this case, the call is rejected; else the action is choosen according to (24) . Namely, when a call arrives, the Qvalue of accepting and being assigned channels to serve this call are determined from the lookup table. If rejection has the higher value, the call is dropped. Otherwise, if acceptance has the higher value, the call is accepted and a chosen channel is assigned to it. To learn the optimal Qvalues , which seems to give results even though convergence theorems require decreasing learning rate with time.
B. Experimental Results
In order to evaluate the performance of our solution, we apply a test data set to compare it with the conventional GC scheme [1] and the optimal CAC scheme based on MDP model presented in [9] that we call MCAC.
The values of WLAN parameters used in the analytical and simulative models are summarized in Table I , which is similar to [23] . To reduce the look-up table size, one class of video traffic is considered in the system. And that the scheme only cares about three types of call arrival (new, vertical or horizontal handoff call). In this validation, each video packet has constant packet payload size, as shown in Table I , which is associated with default AC2 specified in the IEEE 802.11e draft. The values of parameters are assigned depending on the IEEE 802.11a specification [27] . For simulation efficiency, the average channel bit rate is assumed to be 11 Mbps. For CDMA network, the parameters used in the simulation are shown in Table II , which is similar to [24] . Specifically, the transmission rate for the video traffic in the CDMA network is 240 Kbps and corresponds to an equivalent spreading gain 16 = N . The most difficult parameters to choose in our experimentation are how to simulate the call arrival processes. For the limitations of the traditional Poisson model for network arrival processes have been demonstrated in recent studies, self-similar models corresponds better with the traffic. In our simulation, we generate synthetic traffic traces containing three call types, as described in section II. And the self-similar call arrival process was generated by multiplexing calls from 1000 ON/OFF-sources per class [21] . After some experimentation, the following parameter settings were chosen: The ON-period distribution had parameters ) to get an approximate arrival rate of λ . Follwing similar notations defined in the previous section, let us denote n λ , hh λ , vh λ to be the approximate call-arrival rates. In the simulation, the call-arrival rates range from 0.5 to 3.5 for each call type.
1) Average Reward Comparison
We firstly compare the average reward in (20) from the proposed scheme GCAC to that from two other scheme. schemes. Fig.1 shows the average rewards earned in different. We can see that the reward earned in the proposed scheme is always more than that in two other schemes, and the reward is the least in the traditional GC scheme without any optimal control.
2) QoS Guarantee in the Proposed Scheme
Besides the average reward represent better performance, the GCAC scheme can also gurantee QoS at physical layer and network layer. In the simulation, two upper bounds on the horizontal and vertical handoff dropping rates, i.e. Fig. 2(a) shows the performance of the system about the new call blocking rates. The associated horizontal and vertical handoff dropping rates can be guaranteed in the proposed GCAC scheme in Fig. 2(b) and Fig. 2 (c) . The simulation results shows that the GCAC scheme has the better performance than two other ones.
VI. CONCLUSION
In this paper, we have proposed an optimal prioritybased CAC mechanism GCAC based on the GSMDP and Q-learning solutions for various heterogeneous systems. The proposed scheme considers the QoS constrains in physical and netowrk layer, namely, throughput and packet delay, SIR outage probability and call blocking probability. To better model the real world of system behaviors, we relax the Markov assumptions and formulate a priority-based CAC mechanism as a GSMDP model, so as to remain optimal. We have shown that the use of the GSMDP can determin the optimal CAC policy to achieve the predetermined goals, whereas the use of Qlearning can greatly reduce the effort of unnecessary recomputation. And we have evaluated the performance of the proposed GCAC scheme and compared it with the performace of traditional schemes (i.e. GC and MCAC schemes) by extensive simulations. Results have shown that the proposed scheme can not only obtain best performance, but also successfully maintain the QoS metrics at the required level.
